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i
Abstract

The rapid development of machining technology and reliable high-speed machining systems has led to a fast operation of machines. However, machining machines
cannot still meet modern requirements in terms of the quality of parts, the machine
components, and the life of the tools. The major components of the machining system
are machine tools, the spindle interfaces (the contact between the spindle and the tool
holder), and tools. The choice of the spindle connector is the main decision, as this
defines the limitation of the metal cutting efficiency and considerably influences the
deformation of the machine tool. Therefore, it is very critical to select the optimal
industry spindle connector, which should provide high stiffness. The purpose of this
study is to develop bending testing technologies and characterization methodologies
for various spindle connectors.
A bending testing fixture has been designed for various spindle connectors using
MTS 810 as the basic equipment. The displacements have been measured by the designed fixture and the tool tilting values have been determined based on the measured
displacements and the distance of the LVDT sensors. ABAQUS is used to simulate
the bending test.
The average tool tilting values of the KM4X100 with the standard clamping force
of 100 kN are 0.376 mm/m, 0.2755 mm/m, and 0.191 mm/m at 4600 N-m, 4100 N-m,
and 3500 N-m applied bending moment, respectively. By reducing the clamping force

ii
to 80 kN, the average tool tilting value of the KM4X100 is 0.347 mm/m at 3500 N-m
applied bending moment. The tool tilting values are influenced by the applied bending
moment and the clamping force. The average tool tilting value of the C10 with the
standard clamping force is 0.3955 mm/m at 3500 N-m applied bending moment. At
each standard clamping force and 3500 N-m applied bending moment, the KM4X100
exhibits approximately 49 % less tool tilting value than the C10. At a clamping force
of 80 kN and a bending moment of 3500 N-m, the KM4X100 has approximately 14
% less tool tilting value than the C10. The tool tilting values evaluated by the finite
element analysis (FEA) agrees well with the experimental within the error of 8 %.
The findings can be used to provide the database for the various spindle connector.
In this study, the bending testing of spindle connectors has been developed.
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Chapter 1
Introduction

1.1 Background

Machining is one of the most widely used methods of manufacturing that produces the
features of a specified product by eliminating the surplus material of the workpiece.
Rapid machining technology and reliable high-speed machining systems have been
developing during the past decades (Ranjan et al. [2021]). The machines may operate
fast especially, but they cannot meet the requirements in terms of the quality of parts
or machine components, or the life of tools that are critical issues in the machining
systems. Several factors that affect the machinability are as follows: (1) cutting data
and condition (cutting speed, feed rate, depth of cut, operation, and lubrication),
(2) tool data (material and coating, geometry), (3) materials (composition, hardness,
and machining condition) (Angwenyi et al. [2021]; Davies et al. [1999]; Qehaja et al.
[2015]; Mgbemena et al. [2016]; Toh [2004]; Agapiou [2008b]). However, the major
components in the machining system are the machine tool, the spindle interface, and
the tool that directly affects the manufacturing process (Agapiou et al. [1995]).
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In general, the interaction of the workpiece with an appropriate tool eliminates the
surplus material by cutting metal that is to produce a specified product (Lal [2007]).
The metal cutting is carried out by the relative motion between the workpiece and the
tool using a device which is called a machine tool. A machine tool is a power-operated
device to produce desirable dimensions, shape, and surface finishing of the workpiece
as it moves past the surface of the workpiece (Pradhan [2018])]. As shown in Figure
1.1, considering the interactions of the machining system, a machine tool affects the
machine tool structure, the loop of the manufacturing process, and the clamping
system. These interactions significantly affect the dynamic operation of the machine
tool and the characteristic of the manufacturing process (Witt [2007]). Figure 1.2
shows the effects of an inaccurate interaction of a machine tool. The chatter vibrations
cause poor quality of the product surface and reduction of machining productivity
(Budak et al. [2006]). In addition, an inaccurate interaction causes the short life of
machine components and tools that reduces machining performance and necessitates
the re-engineering of the maching tool. Therefore, the interactions of the machine
tool are very important since they determine the produced part quality, machining
time, and material removal rate (Aurich et al. [2009]; Altintas and Weck [2004]).
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Figure 1.1: Interaction of machining and its criteria for analysis (Witt [2007])

Figure 1.2: Effects of process instability in a machine tool (Brecher et al. [2009])
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The spindle interface is the contact between the spindle and spindle connector
(tool holder), as shown in Figure 1.3. In the dynamic performance of machining process, such as the milling machine, the tool holder confines the high-speed machining
system since it is a flexible unit with high natural frequencies (Namazi et al. [2007]).
Therefore, the tool holder should allow accurate and reliable tool inserting/removing processes (interchangeability) and have high stiffness and the ability to transmit
required force/torques (Abele et al. [2010]). The tool holder significantly influences
the metal cutting efficiency and the machine tool, which is subjected to deform by
axial, bending, and torsional forces during the machining process (Agapiou [2008b]).
The metal cutting efficiency and the deformation of machine tool affects the quality
of machine components, the life of machine tool, and tool performance considerably
(Grigoriew et al. [2019]). Therefore, the choice of the tool holder is the main decision,
as this limits the metal cutting efficiency and deforms the machine tool.
Furthermore, the quality of the machined surface, such as roughness and the
surface location error, during the dynamic machining process is affected by the deformation of the tool (Knight and Boothroyd [2019]). A surface location error occurs
when the location of the machined surface is different from the location of the commanded surface by a rigid tool on a rigid workpiece. The quality of the machined
surface is very critical because it is associated with the reliability, fatigue, corrosion,
and creep life of products (Hayajneh et al. [2007]; Honeycutt and Schmitz [2007]).
The minimization of the surface location error is particularly important in the finish-
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Figure 1.3: Diagram of the spindle interface (The tool holder is referred to as the
spindle connector) (Namazi [2006])

ing process with the small radial depth of cut since it influences the accuracy of the
final dimension of the workpiece (Schmitz et al. [2007a]; Schmitz and Mann [2006]).
In addition, using a small depth of cut is generally to avoid the undesired vibrations
and inaccuracies of the final machined products (Shin et al. [2008]). Therefore, the
finishing operation is a commonly significant process of the entire machining process.
The minimized deformation of the tool and improved quality of machined surfaces
can considerably decrease the machining time by increasing the material removal
rate. Therefore, as shown in Figure 1.4, it is important to understand the interaction
between the machine tool and the machining process (Brecher et al. [2009]).
As mentioned above, the tool holder affects the metal cutting efficiency and the
deformation of the machine tool, which is associated with surface location error and
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Figure 1.4: Interaction between the machine tool and the machining process (Brecher
et al. [2009])

roughness. Therefore, the choice of the tool is important since it has significant
impacts on workpiece quality, wear of tool, machine elements, the productivity of the
machining, and possibility for compensation, as shown in Figure 1.4. Furthermore,
the stiffness of the tool holder could be useful to determine the machining condition,
such as cutting conditions for applications, or to compare tool holder types, based on
the different tool holders and their displacements.
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1.2 Literature Review

Spindle-Tool Holder Interface Requirement
For millions of spindles and their advanced application, the spindle-tool holder interface system has been developed and implemented against technical aspects: precise
machining, the life of tools, repeatability, metal cutting performance, stiffness, the
capability of force/torques transmission, machining time, tool change time, and so
on (Cheng et al. [2017]). Quick interchangeability is generally required in the spindle
interface system in the absence of machining operations. However, the connection
between spindle and spindle connector (tool holder) should be in a rigid state since
it is associated with overall technical aspects that could be disrupted by tool cutting forces during machining (Tools [2019]; Rivin [1998]). In addition, the system of
spindle-tool holder interface is typically considered the weakest part when designed
by the manufacturer. Variety types of spindle-tool holder interfaces are illustrated
as shown in Figure 1.5. As shown in Figure 1.5, the shape of the tool holder, the
diameter of the tool holder or tool shank, and the system of the fact contact depend
on the performance requirements (Agapiou [2008a]). However, it is very important
to have a rigid spindle-tool holder that can provide high bending stiffness, torque
transmission capability, and accurate tool centering position (Stephenson and Agapiou [2018]). The high bending stiffness needs to avoid an unstable cutting process
with long-size tools or high cutting forces. An incapability to endure torque instantly
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causes loss of centering height and precision of the tool holder. Torque transmission
is quite sensitive in the operations with the large diameter tools. Therefore, the force
applied at a distance from the centerline of the spindle should be counteracted by a
larger driving contact area. The tool holder with high stiffness and torque transmission capability accurately positions the tool, which is involved in the repeatability
and the ensured production (Erturk et al. [2007]; Erturk et al. [2006]; Schmitz et al.
[2007b]; Sandvik-Coromant). Figure 1.6 shows the three important functions of the
spindle-tool holder interface systems, representing their sub-fuctions.
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Figure 1.5: The various types of spindle-tool holder systems, showing the suitability
of the interface system (Agapiou [2008a])
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Figure 1.6: Basic system of the spindle interface including spindle-tool holder, tool
holder clamping, and tool holer-tool interface
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Tool Holder Types
The four major tool holders such as steep taper, HSK-A series, Kennametal KM4X
series, and Sandvik Coromant Capto C series have been evolved from the conventional
steep taper. Each tool holder series has the same characteristics but different sizes in
diameter at the gauge line (face of the spindle) (Namazi [2006]). Figure 1.7 and Table
1 indicate the shape of the major tool holders and their characteristics, respectively.
A larger taper angle makes the contact of the tool holder connection unstable and
results in the deformation of the tool holder, which can cause the deformation of the
spindle hole due to the centrifugal forces by high-speed rpm. It can also increase
the effect of the reduction of stiffness (Rivin et al. [2000]). Flange contact with the
spindle leads to a higher radial stiffness within a rigid system than without flange
contact (Bossmanns and Tu [2002]; Liu et al. [2012]). The friction in the spindle
interface is crucial for torque transmission (Lu et al. [2010]).
Table 1.1: The characteristics of four major tool holders (All tool holders are standardized as ISO, ANSI, and DIN (Sandvik-Coromant)
Connector

Taper
Angle (◦ )

Flange
Contact

Clamping Method

Clamping
Force (kN)

Torque
Transmission

Steep
Taper

16.26

No

Retention knob

25

Drive keys on
flange contact

HSK-A

5.7

Yes

Internal clamping

45

Drive keys on
taper

Capto C

2.88

Yes

Internal clamping

80

Polygon

KM4X

1.54

Yes

Internal clamping
by 4 balls

100

3 areas of the
contact surface
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Figure 1.7: Four major industry tool holders: (a) steep taper; (b) HSK-A; (c) Capto
C; (d) KM4X

The earliest type of tool holder is the steep taper. It generally refers to a 7/24
steep taper that includes tool holder types, such as CAT, BT, and BTKV. The 7/24
steep taper used to be the most familiar type of tool holder with high inventories in the
industry (Wang and Horng [1994]). As it is not self-locking system, a retention knob
at the end of the taper is used to pull the tool holder axially clamped into the spindle
(Moak [2001]). Since only the taper angle has to be precisely manufactured, the steep
taper is reliable and has a reasonable cost system (Rivin [1998]; Bossmanns and Tu
[2002]). Additionally, it provides a short time to change the tool holder. However,
the main disadvantage is the lack of the flange face contact area, resulting in lower
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radial stiffness and rigidity. An additional flange contact area has been considered and
achieved as shown in Figure 1.8. This leads to a steep taper to withstand high radial
stiffness and high accuracy clamping with a rigid system (Rivin et al. [2000]). In
order to develop the flange contact with reduced taper angle or short length of taper,
O [1991] and Stoll [1990] have suggested using long size lengths of retention knobs,
and (Hansen [2001]) have proposed to use more axially slotted tapers. However,
these options resulted in the reduced rigidity system of tool holder connection and
the deformation of taper during flange face contacts by the clamping force (Rivin et
al. [2000]; Smith [2008]).

Figure 1.8: Developed flange and taper contact area of steep taper (BigDaishowa)

The HSK-A series tool holder is designed to have a 1/10 taper ratio and a flange,
which is available for accurate axial positioning and provides effective high-speed
performance up to 15,000 rpm (Widia). It has a shorter length and is thin-walled in
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cross-section than the steep taper (Aoyama and Inasaki [2001]). The HSK-A does
not require a retention knob as it is a self-locking system in which the tool holder is
clamped by the fingers of the clamping unit. This system makes it possible to achieve
a higher clamping force that can withstand a higher centrifugal force than the steep
taper (Zhang [2012]; Jie et al. [2014]). In addition, tool holder contact inside of the
spindle and flange face contact are simultaneously occurred in the HSK-A system by
the deformation of the solid tool holder due to the increased clamping force by the
wedge action of the drawbar (Rivin et al. [2000]). The taper and flange fact contact
at the same time accompanies the accuracy in axial and higher stiffness (Lembke
[1991]; Hanna et al. [2002]). However, the HSK-A tool holder system has several
drawbacks. It is quite expensive to manufacture a tool holder and spindle since it
requires a high accuracy assembly with precise design, such as keys on the tool holder
and a V-shaped groove on the flange. Eliminating two keys on the tool holder may
provide a better axial balance and higher speed. However, as these are the torque
transmission parts as shown in Figure 1.9, the torque transmission capability could
be reduced (Bossmanns and Tu [2002]).
The Kennametal KM4X tool holder has been developed from the KM series tool
holder, which has quite similar to the HSK-A series tool holder. The main difference
between the KM and HSK-A is the clamping system. As mentioned above, the HSKA is clamped by the fingers of the clamping unit, while the KM is clamped using
two balls in machined holes on the tool holder to provide a greater clamping force
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Figure 1.9: Torque transmission through drive keys on HSK-A tool holder (SandvikCoromant)

and axial balance (Lewis [1996]). The KM4X tool holder is the evolved tool holder
system of KM to target heavy-duty machining performance, such as tough materials
(CuttingToolEngineering [a]). The KM4X has a four balls clamping system that
distributes forces evenly. This clamping system offers the uniform robust clamping
connection with a higher clamping force that makes it have a 3 times higher stiffness
than other tool holders and higher speed with a balanced design of tool holder (Widia;
CuttingToolEngineering [b]). In addition, as shown in Figure 1.10, it accompanies
three areas of contact surface on the tool holder and flange face that support a wide
range of applications, such as from low-speed with high torque to high-speed with
low torque (Kennametal; EngineeringSpecifier).
The Sandvik Coromant Capto C series tool holder has been mainly featured by a
very small taper angle, as shown in Table 1.1, with a three-lobe polygon-shaped con-
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Figure 1.10: Three areas of the contact surface of KM4X tool holder: (1) flange face
contact; (2) contact at gauge line; (3) tail contact (Kennametal)

nection unlike steep taper, HSK, and KM4X (SandvikCoromantCapto). As shown in
Figure 1.11, the Capto C tool holder allows driving high torque transmission through
tapered polygon shape with flange face contact, removing the need for drive keys
on the tool holder (Abele et al. [2010]; Bossmanns and Tu [2002]). In addition,
this tool holder system provides self-centering, better axial balance, and concentricity by removing drive keys that could cause balance issues in the spindle (Rivin
[1998]; Sandvik-Coromant; SandvikCoromantCapto-ThreeSystem). The Capto C
tool holder is a self-locking system that is clamped inside of the spindle by fingers
of the clamping unit like HSK-A tool holder. However, as shown in Figure 1.12,
the Capto C tool holder has a groove to accommodate the fingers of the clamp-
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ing unit completely, while the HSK-A has only one side part for the fingers of the
clamping unit. This groove inside of the tool holder provides a considerable high
capability of clamping force, high bending stiffness, and accurate centering position
(SandvikCoromantCapto-MachineIntegration). The Capto C tool holder has a high
degree of symmetry structure that enables it to withstand the high-speed and high
power of the machine and accomplish quite accurate products (Rivin et al. [2000]).
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Figure 1.11: Torque transmission through polygon shape of Capto C tool holder
(Sandvik-Coromant)

Figure 1.12: Cross-section view to show the difference of clamping segment of the
tool holder: (a) Capto C; (b) HSK-A (Sandvik-Coromant)
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The Effect of Clamping Force
The clamping force is generated by the drawbar assembly. The clamping force keeps
the tool holder inside the spindle and prevents the tool holder from sagging in the axial
direction. In addition, the generated clamping force is one of the factors that influence
the stiffness of the tool holder. Smith et al. [1999] measured the static stiffness as
the deflection for HSK-A100 tool holder between 25 – 55 kN of the clamping force
as shown in Figure 1.13. It was found that the static stiffness has been increased
along with increased clamping forces, indicating the measured smaller deflection at
the higher clamping force. In addition, Smith et al. [1999] observed the dynamic
characteristics as a frequency response on HSK-A63 and CAT series steep tapers
at the various clamping forces. For both tool holders, the higher clamping force
provided a smaller damping ratio at the same frequency. Hung et al. [2014] employed
BT 30 steep taper to investigate spindle interface stiffness of the spindle-tool holder
with different clamping forces. The higher clamping force provided the increasing
interface stiffness by indicating the decreased damping ratio as shown in Figure 1.14.
Namazi [2006] employed the CAT 50 steep taper and has demonstrated that the higher
clamping force enhanced the static stiffness and dynamic characteristics by simulation.
Therefore, a higher clamping force decreases the deflection and the clamping ratio of
a tool holder so that the spindle tool holder system could be a rigid state of the tool
holder that is appropriate for heavy machining.
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Figure 1.13: The plot of deflection versus bending moment for HSK-A100 tool holder
at the various clamping forces (Smith et al. [1999])

Figure 1.14: The plot of damping ratio versus the different drawbar force (clamping
force) for BT30 steep taper (Hung et al. [2014])
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The Stiffness of Tool Holder
The static and dynamic stiffness based on the evaluated performance of the tool
holders is typically useful for the design of the spindle to be optimized (Maeda et al.
[2005]). Rivin et al. [2000] investigated the static stiffness of modular tool holders
that consist of four configurations. Each modular tool holder systems had the same
dimensions, including diameter and length, but differs in the number of modules, as
shown in Figure 1.15. The solid tool holder, as shown in Figure 1.15 (1), had higher
static stiffness compared to others assembled by joints. In addition, applying the load
at the close to the end of the tool tip indicated a higher static stiffness than the position was further from the end of the tool tip. Agapiou [2005] have conducted research

Figure 1.15: The modular tool holders of four configurations: (1) solid; (2) 2 joints;
(3) 3 joints; (4) 4 joints in tool holder system (Rivin et al. [2000])
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into the evaluation of spindle-tool holder interfaces of the conventional CAT40 steep
taper and HSK-A63 using the experimental test setup as shown in Figure 1.16. The
maximum clamping forces were 17 kN and 24 kN for CAT 40 steep taper and HSKA63, respectively. Both static and dynamic stiffness of HSK-A63 was higher than that
of CAT 40 steep taper. However, the deflections of CAT 40 steep taper and HSKA63 tool holders were not considerably different (Agapiou [2006]). The spindle-tool

Figure 1.16: Experimental testing setup for measuring the stiffness of CAT 40 steep
taper and HSK-A63 (Agapiou [2005])

holder-tool system has been researched by Agapiou [2008a] using the mathematical
analysis for estimating the deflection at the cutting tool point. In the entire structure
considered as shown in Figure 1.17, the static deflection of tool holder structure has
consisted of the deflection of a rigid state of the tool holder and the deflection of
each joint deflection (spindle-tool holder and tool holder-tool). Assuming that the
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load was applied to the end of the tool as a cutting tool point, the static deflection
tended to decrease, as the length of the tool holder was decreased while diameter
was increased. Hanna et al. [2002] employed HSK-A63 to study the static stiffness

Figure 1.17: Diagram of the entire structure including spindle-tool holder-tool interface system (Agapiou [2008a])

of the tool holder and the generated stresses of the tool holder using finite element
analysis. The static stiffness of HSK-A63 was compared to the experimental results
from Schubert and Weck [1994], and it showed quite close values. On the other hand,
the applied force caused the face contact to be lost, which induced to decrease in the
static stiffness and increases the stresses of the HSK-A63 tool holder (Tsutsumi et al.
[1996]).
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1.3 Objectives

The primary objectives of this study are to develop the bending test technologies and
characterization methodologies for spindle connectors and evaluate the performance
of various industry spindle connectors based on the load-deformation. The spindle
connectors to be tested are chosen Kennametal KM4X100 and Sandvik Coromant
C10. In order to test spindle connectors, a bending testing fixture is designed since
there is no cantilever beam bending fixture available for MTS 810 machine. The
actuator and table on MTS 810 machine are employed to apply force to the spindle connectors and install designed components, respectively. The displacements and
forces are measured by LVDT sensors and load cell, respectively. Before testing, the
clamping force of each spindle connector is verified. Without this process, the spindle
connector can be damaged during testing. In addition, it is to ascertain how much
torque is required to reach the standard clamping force or target clamping force. The
location of the applied force to the spindle connectors is determined based on the
same slenderness ratio. The spindle connectors are tested under various clamping
forces and static loadings. The hysteresis curves of the measured displacements versus bending moments are obtained for each spindle connector and the tool tilting
is then determined by the defined equation in this research. The performance of
KM4X100 and C10 is compared and analyzed based on each maximum tool tilting
determined. In addition, finite element analysis (FEA) is used to investigate tool
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tilting and to verify the results obtained in the experiment. With this knowledge,
the developed bending testing technologies with characterization methodologies can
provide to determine the displacement and tool tilting for the various spindle connectors. Furthermore, the displacement database for the various spindle connectors can
support the production of metal products by machining.
In the following chapters of this study, Chapter 2 describes the experimental
methodologies, including bending testing fixture design, measurement of displacement
and force, the spindle connectors specification to be tested, the verification of the
clamping force of the spindle connectors, testing condition, and how to analyze the
data. Chapter 3 shows the measured displacement and the determined tool tilting
values of each spindle connector, comparing the performance of the spindle connectors.
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Chapter 2
Experimental Methodology

2.1 Bending Testing Fixture Design

For this study, MTS 810 is used as basic equipment to design the bending testing
fixture so that the bending moments of spindle connectors are determined by applying
force. MTS 810 is chosen because it provides solutions for static and cyclic testing with
50 kN of load capacity. MTS Series 793 software is used to control MTS 810 machine
for testing. However, the entire MTS 810 was not used in this study. The actuator and
table on MTS 810 are employed to apply force and to install the base plate designed,
respectively. As shown in Figure 2.1, the base plate is supported by legs to place the
mounding block that accommodates all components and to make the bending fixture
rigid. Figure 2.2 shows the bending testing fixture with all components designed
and installed on the base plate. On the front view, as shown in Figure 2.2a, the
mounting block is designed to hold the sleeve, spindle, and spindle connector firmly.
The mounting block is allowed to slide back and forth along the guide rail to adjust
the location, where the force is applied to the spindle connector. The load cell is
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Figure 2.1: Designed basic bending testing fixture on MTS810

installed between the plunger and the actuator on MTS 810 to measure the applied
force since the plunger is moved by the actuator and transmits forces to the spindle
connector. Linear Variable Differential Transducer (LVDT) brackets are installed
on the top and the bottom of the spindle connector to hold the LVDT sensors for
measuring the displacement. Furthermore, an LVDT alignment plate is designed
and installed to prevent LVDT brackets from moving in a radial direction during
the testing. As shown in Figure 2.2b, the anti-rotation key is to prevent the sleeve
connected with the spindle from rotating during the testing. The locking nut is to
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Figure 2.2: The bending testing fixture with all components: (a) front view; (b) back
view
lock the drawbar and to reach the pull force of the spindle connector by tightening
using a torque wrench. The locking washer is installed between the locking nut and
sleeve to distribute the load of the locking nut. However, the sleeve and drawbar are
designed for each spindle connector depending on the dimensions of the spindle and
the threaded size at the end of the clamping unit, respectively.
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2.2 Measurement of Displacement and Force

Displacements and forces are measured by LVDT sensors and load cells, respectively.
As shown in Figure 2.2a, the LVDT sensors are held by LVDT brackets installed on
the top and the bottom of the spindle connector meanwhile, the load cell is installed
between the plunger and the actuator. This study employs a model GT2500 with
+/- 2.5 mm, +/- 0.1 linearity spring-return type LVDT sensors, and a model THD30k-Z load cell supporting up to 30,000 lbs. As shown in Figure 2.3, the measured
displacements are displayed on the LVDT indicators, and the measured forces are
displayed on the load cell indicator.

Figure 2.3: Indicators of: (a) LVDT (model: E725); (b) load cell (model: DPM-3)
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2.3 Testing Spindle Connectors

To evaluate the performance of spindle connectors, Kennametal KM4X100 and Sandvik Coromant C10 are adopted since both are designed for heavy-duty machining
operations and high bending strength with a face contact system. Two connectors
have different dimensions of tool shank, types of tool holder, and standard clamping
forces as shown in Figure 2.4. The KM4X100 has 110 mm in diameter, 150 mm
in length, and 100 kN in standard clamping force, while the C10 has 100 mm in
diameter, 200 mm in length, and 80 kN in standard clamping force.
Two connectors are clamped into each other spindle designed as shown in Figures
2.5 and 2.6. The holes of the spindle flange for both connectors are designed the
same size for the M10 socket cap screw. However, the diameter of the spindle flange
of the KM4X100 and the C10 are different. The clamping unit of the KM4X100 is
already assembled in the spindle as shown in Figure 2.5a, while that of the C10 is not
assembled in the spindle as shown in Figure 2.6a. Furthermore, the spindle length of
the KM4X100 is longer than the C10. Since each spindle for the two connectors has
a different clamping unit assembly system and the length of the spindle, the sleeves
to accommodate the spindles are designed separately. Figures 2.7 and 2.8 show the
designed sleeve and the sleeve with installed spindle for the KM4X100 and the C10,
respectively. As shown in Figure 2.7a, the KM4X100 spindle is a simple extruded cut
through all to accommodate the long cylindrical spindle. On the other hand, Figure
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Figure 2.4: The Kennametal KM4X100 and the Sandvik Coromant C10 spindle connectors to be tested
2.8a shows the C10 sleeve equipped with a spacer designed with keyways to prevent
the clamping unit from rotating while verifying and reaching the clamping force. The
KM4X100 and the C10 connectors are connected to the spindle installed in the sleeve
as shown in Figures 2.7b and 2.8b, respectively. The KM4X100 connector is clamped
by the four balls of the clamping unit assembled in the spindle, while the C10 is
clamped by the six fingers of the clamping unit installed in the spindle.
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Figure 2.5: The spindle for the Kennametal KM4X100: (a) front view; (b) side view

Figure 2.6: The spindle for the Sandvik Coromant C10: (a) front view; (b) side view
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Figure 2.7: The sleeve for of the KM4X100: (a) extruded cut through all; (b) with
installed spindle

Figure 2.8: The sleeve for of the KM4X100: (a) installed spacer with keyways; (b)
with installed spindle and clamping unit
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2.4 Verification of Spindle Connector Clamping Force

Before testing, the standard clamping forces are verified using the correct PowerCheck for each spindle connector.Figures 2.9 and 2.10 show the OTT-JAKOB PowerCheck2 and the Berg-Spanntechnik used for the Kennametal KM4X100 and the Sandvik Coromant C10, respectively, and their clamping force gauges. To verify the camping force, each drawbar designed with a thread is installed in the spindle by screwing it
into the clamping unit installed in the spindle. Regarding the C10, after the drawbar
is installed, the washer is inserted inside of the sleeve to locate the drawbar installed
at the end of the clamping unit to the center. The Power-Check is inserted from the
front side into the spindle, and then the locking nut on the backside of the fixture
is tightened using a drive click-type torque wrench to determine the torque required
for the clamping forces. The KM4X100 connector is required 145 ft-lb, while the C10
connector is required 300 ft-lb. By tightening the locking nut with each determined
torque, the KM4X100 clamping force gauge in Figure 2.9 shows the 102 kN of the
clamping force, and the C10 clamping force gauge in Figure 2.10 displays the 81.4
kN of the clamping force. When the gauge verifies the clamping force close to the
standard clamping force, the Power-Check is removed by untightening the locking
nut.

CHAPTER 2. EXPERIMENTAL METHODOLOGY

35

Figure 2.9: The OTT-JAKOB Power-Check2 with the verified clamping force gauge
of the KM4X100

Figure 2.10: The Berg-Spanntechnik Power-Check with the verified clamping force
gauge of the C10
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2.5 Experiment Setup

After removing the Power-Check, the spindle connector is installed into the spindle
mounted on the sleeve as shown in Figures 2.7b and 2.8b. The locking nut is tightened
down to the determined torque to reach the standard clamping force. As shown in
Figures 2.11 and 2.12, the LVDT brackets holding the LVDT sensors are positioned
21mm away from the end of the spindle flange and align to the center along with
the LVDT alignment plate. The location of force applied to the spindle connectors is
determined by the following eq. 2.1 and 2.2 to have the same slenderness ratio:
For the KM4X100 connector,
131.05
L
=
= 1.191
D
110

(2.1)

L
119.1
=
= 1.191
D
100

(2.2)

For the C10 connector,

where L is the length from the end of the spindle to the location of force applied
and D is the diameter of the spindle connector. The distance from the center of
the plunger to the end of the mounting block is defined since it is difficult to adjust
the position where the force is applied with the spindle connector inserted into the
spindle. As shown in Figures 2.11 and 2.12, 180 mm and 168.5 mm are determined
for the KM4X100 and the C10, respectively. The mounting block is slid along the
guide rail up to the determined distance. To prevent the bending fixture from lifting
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during testing, the mounting block is tightened using four hex bolts and nuts in a
cross pattern.

Figure 2.11: Location of force applied for the KM4X100 (Units are given in millimeter)
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Figure 2.12: Location of force applied for the C10 (Units are given in millimeter)
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2.6 Testing

The testing conditions of the spindle connectors, including the verified locking nut
torque and the applied bending moment, are documented in Table 2.1. The spindle
connectors are tested under each standard clamping force condition. However, the
KM4X100 is tested under 80 kN of the clamping force, which is lower than the
standard clamping force, to evaluate the tool tilting under the same clamping force
condition as the C10. The allowable maximum bending moments for the KM4X100
and the C10 are 6000 N-m and 3500 N-m, respectively. The bending moment of the
KM4X100 can be applied up to 80 % of the allowable maximum bending moment,
while the bending moment of the C10 can be applied up to 100 %.
Before applying force, all setup is ensured clear: (1) Tool holder clamping (2)
Mounting block bolts tightening (3) Indicators of LVDT sensors and load cell are
zeroed out (4) Location of force applied. The force is applied to the spindle connector
by entering the moving distance of the actuator through MTS Series 793 software,
and the forces applied are automatically recorded through the load cell indicator.
The displacements measured by the forces applied are also automatically recorded
through the LVDT indicators. The testing is initiated by entering 0.1 mm as the
moving distance of the actuator. The forces are continuously applied to the spindle
connector at a rate of 0.05 mm (e.g., 0.1 mm, 0.15 mm, 0.2 mm, 0.25 mm. . . and so
on). Once the load cell exhibits a force that represents the applied bending moments
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as shown in Table 2.1, a force is released until it returns to the initial moving distance
of the actuator, maintaining the same rate as applying force (e.g., . . . , 0.25 mm, 0.2
mm, 0.15mm, 0.1 mm). The spindle connector is unclamped by untightening the
locking nut to stop the testing and is ensured the unclamp position by removing it
from the spindle. After that, the spindle connector is clamped again for the second
testing. The testing is repeated a total of 2 times.
Table 2.1: Spindle connectors testing conditions
Connector

Clamping
Force (kN)

Locking Nut
Torque
(ft-lb)

Allowable
Applied
Max. Bending
Bending
Moment (N-m) Moment (N-m)

KM4X100

100
(standard)

145

6000

4600

KM4X100

100
(standard)

145

6000

4100

KM4X100

100
(standard)

145

6000

3500

KM4X100

80

105

6000

3500

C10

80
(standard)

300

3500

3500

2.7 Data Analysis

The applied bending moment is obtained by multiplying the measured force (F) by
the defined distance, which is from the end of the spindle flange to the location of the
force applied. For the KM4X100, Bending Moment (N-m) = F
C10, Bending Moment (N-m)7 = F

Ö 0.1191.

Ö 0.13105.

For the

The plot of the displacement (mm)
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versus bending moment (N-m) is then created for both LVDT top (LVDT 1) and
bottom (LVDT 2).
Figure 2.13 shows the diagram of the displacement by LVDT sensors installed on
the top and bottom of the spindle connectors. D1 is the displacement on the top
(LVDT 1), D2 is the displacement on the bottom (LVDT 2), and L is the distance
between LVDT sensors. The tool tilting (mm/m) refers to the sum of the measured
displacements on the LVDT 1 and LVDT 2 divided by L according to the following eq.
2.3. Then, the plot of tool tilting (mm/m) versus bending moment (N-m) is generated
to compare tool tilting of KM4X100 and C10 tested under given conditions.

T ool T ilting (mm/m) =

D1 + |D2 |
L

(2.3)
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Chapter 3
Results and Discussion

3.1 Kennametal KM4X100 Connector

4600 N-m applied bending moment at 100 kN of clamping force
Figures 3.1 to 3.6 show the measured displacements by the top and bottom of LVDT
sensors, determined tool tilting, and their average values of the KM4X100. Figure
3.1 indicates the measured displacements on the top (LVDT 1) during 1st and 2nd
testing. The hysteresis curves are exhibited while the bending moment reaches 4600
N-m and returns to zero. While loading and unloading, the displacements are indicated non-linearly increasing and decreasing, respectively. As shown in Figure 3.1,
the measured displacements increase with a similar trend up to 3500 N-m bending
moment. However, after that, it increases slightly more in the 1st testing. The intersection point appears 0. 00465 mm of displacement at 2500 N-m bending moment
as shown in Figure 3.1. After the intersection point, the measured displacements
decrease indicating similar curves while unloading. Figure 3.2 displays the average of
the measured displacements on the LVDT 1. The maximum displacement of 0.0111
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mm and 0.0101 mm are measured during 1st and 2nd testing, respectively, and the
average is determined as 0.106 mm.

Figure 3.1: The measured displacements on the LVDT 1 up to 4600 N-m applied
bending moment during 1st and 2nd testing

Figure 3.3 shows the hysteresis curves of the displacements measured on the bottom (LVDT 2) during 1st and 2nd testing. The hysteresis curves indicate a nonlinearly increasing and decreasing trend. As opposed to LVDT 1, the negative values
of displacements are observed, since the force is transmitted from the underside of
the spindle connector that causes the LVDT 1 sensor to be compressed and LVDT
2 sensor to be released. The measured displacements increase with similar values up
to the 4000 N-m bending moment, but slightly larger displacements are measured in
the 1st testing afterward. Figure 3.4 represents the average of the measured displace-
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Figure 3.2: The average of the measured displacements on the LVDT 1 up to 4600
N-m applied bending moment

ments on the LVDT 2. The maximum displacement of -0.0519 mm and -0.0481 mm
is observed during 1st and 2nd testing, respectively. The average is obtained as -0.05
mm as shown in Figure 3.4.
The tool tilting values are determined by eq. 2.3 and plotted as shown in Figure
3.5. The hysteresis curves of the tool tilting in Figure 3.5 represent the same trend as
that of the LVDT 2. Since the measured values of the LVDT 2 are larger than that of
the LVDT 1, the curve seems to be dominated by the values of LVDT 2. Figure 3.6
shows the average of the determined tool tilting values. The maximum tool tilting
value of 0.391 mm/m and 0.361 mm/m is determined during 1st and 2nd testing,
respectively. The average of 0.376 mm/m is determined as shown in Figure 3.6. The

CHAPTER 3. RESULTS AND DISCUSSION

46

Figure 3.3: The measured displacements on the LVDT 2 up to 4600 N-m applied
bending moment during 1st and 2nd testing

measured bending moment maybe not be the same as the applied bending moment.
Table 3.1 shows the measured bending moment, displacements on the LVDT sensors,
and tool tilting values including their average.
Table 3.1: Displacements and tool tilting values according to the measured bending
moment at 4600 N-m applied bending moment
Testing No.

Measured Bending
Moment (N-m)

LVDT 1
(mm)

LVDT 2
(mm)

Tool Tilting
(mm/m)

1

4612

0.0111

-0.0519

0.391

2

4586

0.0101

-0.0481

0.361

Average

4599

0.0106

-0.05

0.376
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Figure 3.4: The average of the measured displacements on the LVDT 2 up to 4600
N-m applied bending moment

Figure 3.5: The tool tilting values of the KM4X100 up to 4600 N-m applied bending
moment

CHAPTER 3. RESULTS AND DISCUSSION

48

Figure 3.6: The average of the the tool tilting values of the KM4X100 up to 4600
N-m applied bending moment
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4100 N-m applied bending moment at 100 kN of clamping force
Figures 3.7 to 3.12 indicate the measured displacements on the LVDT 1 and LVDT
2 sensors, the determined tool tilting, and the average of these values while applying
up to 4100 N-m bending moment. Figure 3.7 presents the measured displacement on
the LVDT 1 during 1st and 2nd testing. The hysteresis curves are depicted similar
displacement behavior to the 4600 N-m bending moment during loading and unloading. As shown in Figure 3.7, the measured displacements in the 1st and 2nd loading
curves increase with a similar trend, but that in the 2nd testing are slightly larger.
However, the maximum displacements at the 4100 N-m applied bending moment are
measured similar values with 0.0087 mm and 0.0089 mm in the 1st and 2nd testing,
respectively. Meanwhile, the average maximum displacement of 0.0088 mm is shown
in Figure 3.8.
The measured displacements on the LVDT 2 during 1st and 2nd testing are shown
in Figure 3.9. The hysteresis curves in Figure 3.9 exhibit a non-linearly increasing and
decreasing curves indicating the negative values of displacements, as shown in Figure
3.3. In addition, Figure 3.9 presents very similar increasing and decreasing curves
during 1st and 2nd testing. The average maximum displacement is determined as 0.03565 mm, as shown in Figure 3.10, based on the measured maximum displacements
of -0.0356 mm and -0.0357 mm during 1st and 2nd testing, respectively.
Figure 3.11 shows the hysteresis curves of tool tilting determined by eq. 2.3 up
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to 4100 N-m applied bending moment. The maximum tool tilting values are 0.274
mm/m and 0.277 mm/m during 1st and 2nd testing, respectively. Meanwhile, the
average maximum tool tilting of 0.2755 mm/m is obtained as shown in Figure 3.12.
The hysteresis curves of the tool tilting values in Figures 3.11 and 3.12 seem to be
dominated by the displacement values of the LVDT 2, indicating the trends of the
same curves in the opposite orientation. The measured bending moments, displacements on the LDVT sensors, and the determined tool tilting values are tabulated
in Table 3.2. As the applied bending moment decreases, it is confirmed that the
maximum displacement and tool tilting value are decreased.

Figure 3.7: The measured displacements on the LVDT 1 up to 4100 N-m applied
bending moment during 1st and 2nd testing
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Figure 3.8: The average of the measured displacements on the LVDT 1 up to 4100
N-m applied bending moment

Table 3.2: Displacements and tool tilting values according to the measured bending
moment at 4100 N-m applied bending moment
Testing No.

Measured Bending
Moment (N-m)

LVDT 1
(mm)

LVDT 2
(mm)

Tool Tilting
(mm/m)

1

4092

0.0087

-0.0356

0.274

2

4116

0.0089

-0.0357

0.277

Average

4104

0.0088

-0.03565

0.2755
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Figure 3.9: The measured displacements on the LVDT 2 up to 4100 N-m applied
bending moment during 1st and 2nd testing

Figure 3.10: The average of the measured displacements on the LVDT 2 up to 4100
N-m applied bending moment
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Figure 3.11: The tool tilting values of the KM4X100 up to 4100 N-m applied bending
moment

Figure 3.12: The average of the the tool tilting values of the KM4X100 up to 4100
N-m applied bending moment
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3500 N-m applied bending moment at 100 kN of clamping force
The measured displacements on the LVDT 1 and LVDT 2 sensors and the determined
tool tilting values, while the applied bending moment reaches 3500 N-m and returns
to zero, are shown in Figures 3.13 to 3.18. The hysteresis curves of the measured
displacements on the LVDT 1 are described in Figure 3.13. The curves behaviors
of the increasing and decreasing displacements are quite similar compared to Figure
3.13. The curve of the 2nd testing has slightly larger displacements than the 1st
testing. The maximum displacements at the 3500 N-m applied bending moments
are 0.007 mm and 0.0072 mm during 1st and 2nd testing, respectively. Figure 3.14
illustrates the average of the measured displacements on the LVDT 1, indicating the
maximum displacement of 0.0071 mm.
Figure 3.15 depicts the measured displacements on the LVDT 2 during 1st and 2nd
testing. As expected in the 4600N-m and 4100 N-m applied bending moment cases,
non-linear curves and the negative values of displacements are obtained. -0.0238 mm
in the 1st testing and -0.0234 mm in the 2nd testing are measured as the maximum
displacements. Based on these maximum displacements, as shown in Figure 3.16, the
average is determined as -0.0236 mm.
As shown in Figure 3.17, the tool tilting values are determined by eq. 2.3 and the
maximum tool tilting values during 1st and 2nd testing are 0.192 mm/m and 0.1903
mm/m, respectively. In addition, Figure 3.18 shows the average of the determined
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Figure 3.13: The measured displacements on the LVDT 1 up to 3500 N-m applied
bending moment during 1st and 2nd testing

tool tilting values indicating 0.0191 mm/m as the maximum value. As a result,
the measured displacements by each LVDT sensor and the determined tool tilting
values are decreased as the applied bending moment decreases. At the lower applied
bending moment, the tool holder may have the equivalent face contact between the
flange face of the tool holder and the spindle face. However, as the applied bending
moment increases, the face contact could be lost that causes more increasing the
displacements of the tool holder with decreasing stiffness. Table 3.3 tabulates the
maximum displacements and tool tilting values observed in Figures 3.13 to 3.18.
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Figure 3.14: The average of the measured displacements on the LVDT 1 up to 3500
N-m applied bending moment

Table 3.3: Displacements and tool tilting values according to the measured bending
moment at 3500 N-m applied bending moment
Testing No.

Measured Bending
Moment (N-m)

LVDT 1
(mm)

LVDT 2
(mm)

Tool Tilting
(mm/m)

1

3487

0.007

-0.0238

0.192

2

3486

0.0072

-0.0234

0.1903

Average

3486.5

0.0071

-0.0236

0.191
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Figure 3.15: The measured displacements on the LVDT 2 up to 3500 N-m applied
bending moment during 1st and 2nd testing

Figure 3.16: The average of the measured displacements on the LVDT 2 up to 3500
N-m applied bending moment
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Figure 3.17: The tool tilting values of the KM4X100 up to 3500 N-m applied bending
moment

Figure 3.18: The average of the the tool tilting values of the KM4X100 up to 3500
N-m applied bending moment
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3500 N-m applied bending moment at 80 kN of clamping force
3500 N-m bending moment is applied and the clamping force is reduced from 100 kN
to 80 kN. The displacement measurement testing is done by the same test setup as
the 100 kN clamping force condition. Figures 3.19 to 3.24 show the measured displacements on the top and the bottom of the LVDT sensors and the determined tool
tilting values at 80 kN clamping force. Figure 3.19 reveals the hysteresis curves of
the measured displacements on the LVDT 1 during 1st and 2nd testing. As shown in
Figure 3.19, the hysteresis curves do not have the intersection point unlike the 100 kN
of clamping force condition. In addition, the measured displacements considerably
display similar increasing and decreasing trend even though the approximately 100
N-m bending moment is measured in the 1st testing than in the 2nd testing. The
maximum displacement is measured as 0.009 mm and 0.0087 mm during 1st and 2nd
testing, respectively. Meanwhile, 0.00885 mm of maximum displacement is observed
as an average as shown in Figure 3.20. Compared to the average maximum displacement on the LVDT 1, approximately 127 % greater displacement is obtained than at
100 kN of clamping force.
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Figure 3.19: The measured displacements on the LVDT 1 up to 3500 N-m applied
bending moment at 80 kN of clamping force during 1st and 2nd testing

Figure 3.20: The average of the measured displacements on the LVDT 1 up to 3500
N-m applied bending moment at 80 kN of clamping force
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Figure 3.21 presents the measured displacements on the LVDT 2 during 1st and
2nd testing. The hysteresis curves have the same trend as the LVDT 1 but the
opposite orientation. -0.0477 mm and -0.0462 mm are observed as the maximum
displacements during 1st and 2nd testing, respectively. As shown in Figure 3.22, the
average maximum displacement is -0.047 mm, which is approximately 200 % greater
than the one obtained at 100 kN of clamping force. Based on these measured displacements, as the clamping force is decreased, the measured displacement is increased.

Figure 3.21: The measured displacements on the LVDT 2 up to 3500 N-m applied
bending moment at 80 kN of clamping force during 1st and 2nd testing

The tool tilting values are determined by eq. 2.3, and the hysteresis curves are
created accordingly, as shown in Figure 3.23. The maximum tool tilting values are
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Figure 3.22: The average of the measured displacements on the LVDT 2 up to 3500
N-m applied bending moment at 80 kN of clamping force

0.352 mm/m and 0. 341 mm/m during 1st and 2nd testing, respectively. The average
of the determined tool tilting values is described as the hysteresis curve in Figure 3.24.
The maximum tool tilting value is observed as 0.347 mm/m, which is approximately
182 % greater than the one obtained at 100 kN of clamping force. The measured
displacements and the tool tilting values are greatly affected by the clamping force.
The maximum measured displacement and the tool tilting value are increased as the
clamping force is decreased. The clamping force in the spindle-tool holder system
may be very important to maintain face contact in the high bending moment by
pulling the tool holder in the axial orientation. Furthermore, the high clamping force
is to reduce the tool tilting while applying a high load. However, it may sometimes
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be that the different clamping forces could be considered depending on the intended
operations. Table 3.4 shows the measured bending moment, displacements on the
LVDT 1 and LVDT 2, and the determined tool tilting values.

Figure 3.23: The tool tilting values of the KM4X100 up to 3500 N-m applied bending
moment at 80 kN of clamping force

Table 3.4: Displacements and tool tilting values according to the measured bending
moment at 3500 N-m applied bending moment at 80 kN of clamping force
Testing No.

Measured Bending
Moment (N-m)

LVDT 1
(mm)

LVDT 2
(mm)

Tool Tilting
(mm/m)

1

3590

0.009

-0.0477

0.352

2

3487

0.0087

-0.0462

0.341

Average

3538.5

0.00885

-0.047

0.347
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Figure 3.24: The average of the the tool tilting values of the KM4X100 up to 3500
N-m applied bending moment at 80 kN of clamping force
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3.2 Sandvik Coromant C10

3500 N-m applied bending moment at 80 kN of clamping force
The testing of the Sandvik Coromant C10 connector is done by the same testing
setup as the KM4X100 connector. The displacements up to 3500 N-m applied bending
moment are measured since the C10 can accomodate 100 % of the maximum allowable
bending moment as listed in Table 2.1. Figures 3.25 to 3.30 show the measured
displacements on the LVDT 1 and LVDT 2 and the determined tool tilting values
during 1st and 2nd testing. Figure 3.25 presents the hysteresis curves of the measured
displacement on the LVDT 1. The hysteresis curves non-linearly increase and decrease
as in the KM4X100, exhibiting the maximum displacements of 0.0234 mm and 0.0232
mm during 1st and 2nd testing, respectively. As shown in Figure 3.26, the average
maximum displacement is observed as 0.0233 mm, which is approximately 263 %
greater displacement than the one obtained in Figure 3.20.
Since a force is still applied from the underside of the spindle connector, the displacements are measured as negative values as shown in Figure 3.27. The maximum
displacements indicate -0.0338 mm and -0.0336 mm during 1st and 2nd testing, respectively. Meanwhile, as shown in Figure 3.28, the average maximum displacement
is determined as -0.0337 mm, which is approximately 28 % less displacement than the
one obtained in Figure 3.22. The difference in displacements between LVDT 1 and
LVDT 2 is reduced in the C10 than in the KM4X100. It may be due to the different
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Figure 3.25: The measured displacements on the LVDT 1 up to 3500 N-m applied
bending moment at 80 kN of clamping force during 1st and 2nd testing for C10

geometry, flange shape, and clamping system of each spindle connector.
Figure 3.29 presents the hysteresis curves of the determined tool tilting values by
eq. 2.3. The maximum tool tilting values are 0.397 mm/m and 0.394 mm/m during
1st and 2nd testing, respectively. As shown in Figure 3.30, the average tool tilting
value is obtained as 0.03955 mm/m, which is approximately 114 % greater tool tilting
value than the one obtained in Figure 3.24. The C10 may require a higher clamping
force or a thicker diameter to minimize the displacements. Table 3.5 tabulates the
measured bending moment at 3500 N-m applied bending moment, the maximum
measured displacement on each LVDT, and the determined tool tilting value.
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Figure 3.26: The average of the measured displacements on the LVDT 1 up to 3500
N-m applied bending moment at 80 kN of clamping force for C10

Table 3.5: Displacements and tool tilting values according to the measured bending
moment at 3500 N-m applied bending moment at 80 kN of clamping force for C10
Testing No.

Measured Bending
Moment (N-m)

LVDT 1
(mm)

LVDT 2
(mm)

Tool Tilting
(mm/m)

1

3556

0.0234

-0.0338

0.397

2

3554

0.0232

-0.0336

0.394

Average

3555

0.0233

-0.0337

0.3955
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Figure 3.27: The measured displacements on the LVDT 2 up to 3500 N-m applied
bending moment at 80 kN of clamping force during 1st and 2nd testing for C10

Figure 3.28: The average of the measured displacements on the LVDT 2 up to 3500
N-m applied bending moment at 80 kN of clamping force for C10
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Figure 3.29: The tool tilting values of C10 up to 3500 N-m applied bending moment
at 80 kN of clamping force

Figure 3.30: The average of the the tool tilting values of C10 up to 3500 N-m applied
bending moment at 80 kN of clamping force
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3.3 Comparison Tool Tilting Between KM4X100 and C10 Connector

At standard clamping force
In order to compare the performance of the spindle connectors based on load deformation, the plot of the average tool tilting values of the KM4X100 and the C10 is
shown in Figure 3.31 and tabulated in Table 3.6. Figure 3.31 presents the hysteresis
curves for spindle connectors tested for the different bending moment at each standard clamping force. For the KM4X100, the hysteresis curves of the increasing tool
tilting in loading are indicated in the same pattern even with different applied bending moment. In addition, the tool tilting values are decreased, as the applied bending
moments are decreased. For the C10, the hysteresis curve has a steeper slope than
that of the KM4X100. It implies that the tool tilting values of the C10 are slightly
larger than the KM4X100 at the same applied bending moment (3500 N-m) but each
standard clamping force. Table 3.6 tabulates the maximum determined tool tilting
values of the KM4X10 and the C10 at each defined experiment condition. For tool
tilting values of the KM4X100, increasing the applied bending moment from 3500
N-m to 4100 N-m increases the tool tilting values by approximately 145 %. Further
increasing the applied bending moment to 4600 N-m increases approximately 136 %.
Therefore, increasing the applied bending moment could have negative effects on the
spindle connector, such as reducing the stiffness as the displacements increase. In
the comparison of the tool tilting values at 3500 N-m applied bending moment, the
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KM4X100 has 0.191 mm/m and the C10 has 0.3955 mm/m. This means that the
KM4X100 has approximately 49 % less tool tilting value than the C10.

Figure 3.31: Plot showing the tool tilting of the KM4X100 at 4600 N-m, 4100 N-m,
and 3500 N-m applied bending moment and the C10 at 3500 N-m applied bending
moment

Table 3.6: Comparison the determined tool tilting values between the KM4100 and
the C10 at each standard clamping force
Connector

Clamping
Force (kN)

Applied Bending
Moment (N-m)

Measured Bending
Moment (N-m)

Tool Tilting
(mm/m)

KM4X100

100

4600

4599

0.376

KM4X100

100

4100

4104

0.2755

KM4X100

100

3500

3486.5

0.191

C10

80

3500

3555

0.3955
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At 80 kN of clamping force
80 kN is 20 % lower than the standard clamping force of 100 kN for the KM4X100.
Such a low clamping force is not recommended to apply force to the KM4X100,
as damage to the spindle connectors may be occurred. However, the KM4X100 is
tested only to compare the tool tilting value with the C10. Figure 3.32 illustrates the
average tool tilting values of the KM4X100 and the C10 at 80 kN of clamping force
and maximum tool tilting values are tabulated in Table 3.7. As shown in Figure 3.32,
the tool tilting hysteresis curves of the KM4X100 and the C10 increase similarly up to
3000 N-m bending moment during loading. However, the hysteresis curve slope of the
C10 displays steeper than the KM4X100, indicating a slightly increased tool tilting,
after 3000 N-m bending moment. Table 3.7 tabulated the maximum determined tool
tilting values of each connector at 3500 N-m bending moment and 80 kN of clamping
force. The KM4X100 has a tool tilting value of 0.347 mm/m, meanwhile, the C10 has
a slightly larger tool tilting value of 0.3955 mm/m. It implies that the tool tilting of
the KM4X100 is approximately 12 % less than that of the C10, even though 80 kN
of clamping force is not recommended. It could be affected by the different clamping
systems inside the spindle of each spindle connector. In addition, since the spindle
of the KM4X100 is longer than that of the C10, as shown in Figures 2.5 and 2.6,
the spindle of the KM4X100 may hold the connectors more firmly. Moreover, the
KM4X100 system may have a more rigid inside spindle since the clamping unit not

CHAPTER 3. RESULTS AND DISCUSSION

73

only already is assembled inside the spindle but the longer spindle also holds the
entire drawbar.

Figure 3.32: Plot showing the tool tilting of the KM4X100 and the C10 at 3500 N-m
applied bending moment and 80 kN of clamping force

Table 3.7: Comparison the determined tool tilting values between the KM4X100 and
the C10 at 80 kN of clamping force
Connector

Clamping
Force (kN)

Applied Bending
Moment (N-m)

Measured Bending
Moment (N-m)

Tool Tilting
(mm/m)

KM4X100

80

3500

3538.5

0.347

C10

80

3500

3555

0.3955
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3.4 Finite Element Analysis (FEA)

The modeling of the KM4X100 spindle connector is created using ABAQUS to investigate its tool tilting and to verify the results obtained in the experiment. It is
assumed the elastic deformation. In order to simulate the elastic deformation, elastic
modulus (E) of 200 GPa and Poisson’s ratio (ν) of 0.3 are applied as the properties
of tool material. Since the load is applied to the spindle connector by applying the
actuator displacements of MTS 810 in the experiment, the load in the finite element
analysis (FEA) is applied as the actuator displacements instead of applying force.
The mesh of the tool holder consists of a total 38729 of nodes. Table 3.8 tabulates
the node numbers and the corresponding coordinates of the position where the load
is applied and the position where the displacements are measured. As shown in Figure 3.33, the location of applying load is at the end of the tool tip indicating the
node number of 19522 and the corresponding coordinates (0,-200,-36). The boundary
conditions are imposed on the flange face and the tool holder to simulate that the
spindle connector is inserted into the spindle as shown in Figure 3.34. The flange
face is fixed in the X and Y directions to simulate a face contact system between
the flange face and the spindle. In addition, the tool holder is fixed in all X, Y, and
Z directions since it is rigidly inserted into the spindle. The actuator displacements
of 3.05 mm, 2.8 mm, and 2.4 mm are required as the loads to reach the 4600 N-m,
4100 N-m, and 3500 N-m applied bending moments, respectively. Assuming LVDT
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1, the displacements are measured on the point of the top of the flange indicating the
node number of 2385 and the corresponding coordinates of (0,-8.53,50). Meanwhile,
assuming LVDT 2, the displacements are measured on the point of the bottom of
the flange indicating the node number of 199 and the corresponding coordinates of
(0,-8.12,-50).

Figure 3.33: The location of the applied load by actuator displacements in FEA at
the node number of 19552 and coordinates of (0,-200,-36)

Figure 3.35 shows the FEA displacements results for applying loads, as the actuator displacement of 3.05 mm, 2.8 mm, and 2.4 mm, indicating the displacement
measurement point of the spindle connector. The measured displacements depending on the applied loads are tabulated in Table 3.9. The larger magnitude of the
displacements is measured on the bottom of the flange, assuming LVDT 2.The tool
tilting values are determined based on these measured displacements using eq. 2.3.
However, the distance (L) should be the diameter of the flange of the tool holder,
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Figure 3.34: The boundary conditions in FEA

not the distance between LVDT sensors. As shown in Table 3.9, the tool tilting values in FEA are determined as 0.347 mm/m, 0.253 mm/m, and 0.181 mm/m while
applying a load of 3.05 mm, 2.8 mm, and 2.4 mm, respectively. Table 3.10 indicates
the comparison between the average tool tilting values in the experiment and the
tool tilting values in FEA. The tool tilting values in FEA have enough close to the
experimental average tool tilting values. In addition, tool tilting values in FEA have
the same magnitude trend as the experimental result, indicating that the tool tilting
values decrease as the applied bending moments decrease.
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Figure 3.35: Deformation of the KM4X100 (Top and bottom representing node numbers and coordinates are assumed as LVDT 1 and LVDT 2, respectively)

Table 3.8: The node number and the corresponding coordinates in FEA
Point

Node Number

Coordinate of Node
(X,Y,Z)

Location of applying load

19553

(0,-200,-36)

Displacement measurement
on the top

2385

(0,-8.53,50)

Displacement measurement
on the bottom

199

(0.-8.12,-50)

Table 3.9: The measured displacements and the determined tool tilting values according to the actuator displacements as the loads
Displacement of
Actuator (mm)

Measured
Displacement on the
Top (mm)

Measured
Displacement on the
Bottom (mm)

Tool Tilting
(mm/m)

3.05

0.0101

-0.0246

0.347

2.8

0.009

-0.0163

0.253

2.4

0.008

-0.0101

0.181
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Table 3.10: Comparison tool tilting values between experimental average results and
FEA results
Condition

Experimental Average
Results

FEA Results

Applied
Displacements Tool Tilting Displacements Tool Tilting
Bending
of Actuator
(mm/m)
of actuator
(mm/m)
Moment (N-m)
(mm)
(mm)
4600

3.05

0.376

3.05

0.347

4100

2.8

0.2755

2.8

0.253

3500

2.4

0.191

2.4

0.181

79

Chapter 4
Conclusions

In this study, bending testing technologies and characterization methodologies for
spindle connectors have been developed. The Kennametal KM4X100 and Sandvik
Coromant C10 have been tested based on bending-deformation testing at each standard clamping force and various bending moments to compare their performance.
The hysteresis curves of the KM4X100 were observed to have the same pattern under
the different applied bending moments, indicating increasing tool tilting values as the
applied bending moment was increased. However, the displacements and the tool
tilting values were greatly affected by the clamping force, indicating the increasing
displacements and tool tilting values as the clamping force was decreased. At the
standard clamping force, the tool tilting values of the KM4X100 were determined as
0.376 mm/m, 0.2755 mm/m, and 0.191 mm/m at 4600 N-m, 4100 N-m, and 3500 N-m
applied bending moment, respectively. At the reduced clamping force to 80 kN and
3500 N-m applied bending moment, the tool tilting value was determined as 0.347
mm/m. For the C10, the tool tilting value was determined as 0.3955 mm/m at the
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standard clamping force of 80 kN and 3500 N-m bending moment. In the comparison
of both spindle connectors, the hysteresis curve of the C10 represented steeper than
that of the KM4X100. On the other hand, the hysteresis curves of both KM4X100
and C10 indicate a similar curve trend at a clamping force of 80 kN and a bending
moment of 3500 N-m. However, tool tilting values of the KM4X100 represented a
slightly smaller than the C10. In FEA results, the tool tilting values of the KM4X100
had the same magnitude trend as the experimental results, indicating close values
to the experiment results. Based on the tool tilting results of theKM4X100, it was
observed that a higher clamping force decreased the tool tilting values of the spindle
connector, which may be beneficial for a high-speed machining operation and a stability of the precision machining. However, it could not be necessarily assumed that the
standard spindle connectors may be the best option for the machining machine. To
evaluate and compare the performance of the spindle connectors, more various spindle
connectors have to be tested further at the maximum allowable bending moment and
the standard clamping force.
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